over continental drift, Alfred Wegener claimed the oceanic crust, when explored, would prove to be nothing like the continental crust. Scientists have been fi ghting over its nature ever since, although it is clear that Wegener had it right. In his seminal paper, The History of Ocean Basins (Hess, 1962) , Harry Hess argued: "The oceanic crust is serpen-
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tinized peridotite, hydrated by release of water from the mantle over the rising limb of a current. In other words it is hydrated mantle material." In his view, the seismic structure and thickness of the oceanic crust was the product of metamorphic isograds, with the Mohorovicic Discontinuity (Moho; the boundary between the crust and upper mantle) an alteration front at the 500°C isotherm.
By 1971, however, a consensus arose supporting the Penrose Ophiolite Model (Conference Participants, 1972) . This consensus was spurred by dredging basalt of amazingly uniform composition along ocean ridges (Engel et al., 1965) and identifying fossil sections of on-land oceanic crust (known as ophiolites). The latter, often exhibiting a layered stratigraphy of pillow lava, sheeted dikes, gabbro, and mantle peridotite (Figure 1a ), matched the seismic character of the oceanic crust and rocks dredged from fracture zones (Bonatti et al., 1971; Engel and Fisher, 1969) . Seafl oor mapping at slow and ultraslow spreading ridges, and deep drilling, however, are dissolving this consensus in favor of an oceanic crust whose composition, structure, and thickness vary with spreading rate, hot spot proximity, ridge geometry, and mantle temperature and composition. 
OCEANCRUST MODELS
Since the early ocean-crust models, much has changed. While the Penrose model is widely accepted for Pacifi c crust created at fast-spreading mid-ocean ridges, that is not the case for other oceans. In various ocean-crust models, the role of gabbro is critical, varying from the fundamental building block in the Penrose model, to minor or negligible importance in newer ones (Figure 1 ).
Gabbro crystallizes slowly deep in the
Earth and varies widely in composition; it forms as different minerals successively crystallize from magma and aggregate on the roof, walls, and sides of an intrusion or magma chamber. The fi rst such aggregation to form from a mantle melt is the rock dunite, consisting of nearly pure olivine. Dunite marks the location where melts fi rst emerge into the crust, and it fi lls the melt transport conduits in the mantle. Dunite, and gabbros with arcane names (e.g., troctolite, olivinegabbro, gabbronorite, oxide-gabbro), form complex stratigraphies refl ecting (Dick et al., 2000; Matsumoto et al., 2002) . These data show that oceanic crust generated at slow-and ultraslow mid-ocean ridge spreading centers can consist of a gabbro massif centered beneath a magmatic ridge segment overlain by pillow lavas and dikes that extend down-axis over and into mantle peridotite at segment ends ( Figure 1b ) (Dick, 1989a) . This structure suggests focused melt fl ow in the mantle towards ridge segment-midpoints (Whitehead et al., 1984) . Cannat (1996 Cannat ( , 1997 Figure 1c ). Impressed by a scarcity of dikes exposed on fault scarps on transform fault and rift valley walls, Karson (1998) Michael et al., 2003) . Faulting at amagmatic segments exposes crust comprised of massive serpentinized peridotite, virtually no gabbro, and a thin or absent volcanic carapace (Figure 1d ).
These amagmatic segments are a newly recognized plate-tectonic structure, which can assume any angle to the plate spreading direction, and link to magmatic segments to form the plate boundary.
Thus, coming full circle, true "Hess-type" oceanic crust (serpentinized peridotite) has been found.
Rather than refuting any of these models, deep drilling seems to show that each may describe crust formed at different locations on the global mid-ocean ridge system.
DEEPDRILLING RESULTS
About 50 holes were drilled into "in- Hole 504B possibly reaching the very top of seismic layer 3 (Alt et al., 1993; Detrick et al., 1994; Dick et al., 1992) . Depth (meters subbasement) 1974 1975 1976 1977 1979 1987 1988 1989 1992 Thus, a new strategy was adopted during the Ocean Drilling Program (ODP), using "tectonic windows" to drill lower crust and mantle (Dick, 1989b; Dick and Mével, 1996) . This drilling strategy targeted peridotite and gabbro exposed at topographic highs at ridge-transform and 735B (Southwest Indian Ridge) are cut by dikes at the top of the section, and were likely unroofed at the dike-gabbro transition. Th e dike-gabbro transition at Hole U1309D is inferred in this paper, as is the lava-dike transition for Holes 417D and 418A in old Atlantic Ocean crust. Diabase intruding Hole 1275D gabbros may represent a sill complex rather than dikes (Kelemen et al., 2006) . Drill hole locations are as follows: DSDP Leg 37 drilled holes 332A, 332B, and 333A into the Mid-Atlantic Ridge at 36°N. DSDP Leg 45 drilled Hole 395A 664 mbsf into oceanic crust in the Atlantic Ocean at 22°45'N, 46°5'W. DSDP Leg 51A drilled Hole 417A, Leg 51B drilled Hole 417D, and Legs 52 and 53 drilled Hole 418A into oceanic crust in the western Atlantic Ocean south of Bermuda. Hole 504B, drilled on seven DSDP and ODP legs to a fi nal depth of over 2 km, is south of the Costa Rica Rift in the Pacifi c Ocean. ODP Hole 735B drilled into a shallow platform in the rift mountains of the ultra-slow Southwest Indian Ridge spreading center. ODP Hole 765D was drilled into old oceanic crust (Argo Abyssal Plain) off of northwest Australia. ODP Hole 801C was drilled into old western Pacifi c oceanic crust, seaward of the Mariana trench. ODP Hole 896A was in the Costa Rica Rift, eastern Pacifi c Ocean. IODP Hole 1256D was drilled into super-fast spreading rate crust in the equatorial Pacifi c Ocean. IODP Hole U1309D was drilled into the Atlantis Massif along the western fl ank of the Mid-Atlantic Ridge near 30°N. Drilling at Hole 735B changed how lower crust was viewed at slow-spreading mid-ocean ridges (Dick, 1991a; Sinton and Detrick, 1992 NOT the result expected from interpretation of the seismic records. While also having a highly complex igneous stratigraphy, unlike Hole 735B, there is no downward trend to more primitive gabbro, the hole bulk composition appears different, alteration was mostly at lower temperature, and high-temperature crystal-plastic deformation is rare-showing that full knowledge of gabbroic crust in the oceans requires drilling more than a single long section.
The MAR near the 15°20' Fracture Zone has huge peridotite exposures.
Dredging and submersible dives suggest a crust consisting of small gabbro intrusions in screens of serpentinized peridotite cut by dikes, and overlain by a thin basaltic carapace (Cannat, 1993 (Cannat, , 1996 Cannat et al., 1995) . Basalt trace element and isotopic compositions (Dosso et al., 1991) , and the extremely depleted peridotites (Bonatti, 1992) (Gillis et al., 1993; Pedersen et al., 1996) , possibly the frozen substrate of an EPR magma lens . Analysis of these gabbros suggests that they are too iron-rich to be a source for EPR basalt or much of the lower crust . At Site 895, holes were drilled in peridotite across a dunite-fi lled melt transport conduit (Gillis et al., 1993) . The peridotites are highly depleted compared to slow-spreading ridges, indicating a more depleted EPR shallow mantle . The dunites contain gabbro veins crystallized from mid-ocean ridge basalt (MORB) magmas (Arai and Matsukage, 1996; Dick and Natland, 1996) showing, for the fi rst time, that whereas the process of mantle melting produces a range of melt compositions, these compositions aggregate in the mantle to form MORB before reaching the crust. (Figure 1 ). There may even be areas where no organized stratigraphy exists (Karson, 1998; Lagabrielle et al., 1998) . The studies at Atlantis Bank and Atlantis Massif, however, show that modifi ed Penrose-type crust exists locally at slow and ultraslow ridges, though their different igneous stratigraphies suggest the internal structure of the lower crust may be quite variable at the segment scale. At the same time, the Cannat model (Figure 3) works well for the MAR near 15°20'N. Finally, as discussed earlier, Hess-type crust formed at an ultra-fast spreading center also exists at ultraslow ridges at amagmatic segments.
Where Do We Go from Here? 6.5 1 km (seismic Moho) 3.5 km Muller et al. (1997) Cannat ( Cannat (1996) , and (C) a Penrose model (following Dick [1991a] and Nisbet and Fowler [1978] ), showing the current proposed depth for drilling the fi rst stage of a new hole at Atlantis Bank. Upper dashed line shows the likely horizon of the detachment faults at Atlantis Bank and Atlantis Massif.
